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Bubble columns are frequently studied without considering internals (open tube bubble columns).
However, in most industrial applications, internal devices are often added to control heat transfer, to
foster bubble break-up or to limit liquid phase back mixing. These elements can have signiﬁcant effects
on the multiphase ﬂow inside the bubble column reactor and the prediction of these effects is still hardly
possible without experimentation. In this paper, we study experimentally a counter-current gas–liquid
bubble column in the open tube and annular gap conﬁgurations. In the annular gap bubble column, two
vertical internal tubes are considered. The column has an inner diameter of 0.24 m, and the global and
local hydrodynamic properties are studied using gas holdup measurements and a double-ﬁber optical
probe. The gas holdup measurements are compared with the literature and used to investigate the ﬂow
regime transition. A double-ﬁber optical probe is used to acquire midpoint data and radial proﬁles of the
local properties to study the ﬂow properties and to further investigate the ﬂow regime transition. The
counter-current mode is found to increase the holdup, decrease the bubble velocity and cause regime
transition at lower superﬁcial gas velocity. The holdup curves in the annular gap and open tube con-
ﬁgurations are similar in shape and values, suggesting that the presence of internals has a limited
inﬂuence on the global hydrodynamic. In addition, it is found that the presence of the internals stabilizes
the homogeneous regime in terms of transition gas velocity and holdup.
& 2016 Elsevier Ltd. All rights reserved.1. Introduction
Bubble columns are frequently used in the chemical, petrochem-
ical and food production industries. Their main advantage is a very
large contact area between the liquid and gas phase, a good mixing
within the liquid phase throughout the column and their low price-
performance ratio. The correct design and operation of these devices
rely on the proper prediction of the ﬂow pattern, the ﬂow regimesagni),transition, and global and local ﬂow properties (i.e., the holdup, εG;
the bubble rise velocity, ub; the local void fraction, εG,Local; and the
bubble diameter, db). The global and local ﬂow properties of the
industrial reactors may be extrapolated from the laboratory facilities
applying scale-up methods (Shaikh and Al-Dahhan, 2013). Bubble
columns are frequently studied without considering internals (“Open
Tube”, OT, bubble columns), but, in most industrial applications,
internal devices are often added to control heat transfer, to foster
bubble break-up or to limit liquid phase back mixing (Youssef Ahmed
et al., 2013). These elements can have signiﬁcant effects on the mul-
tiphase ﬂow inside the bubble column reactor and the prediction of
these effects is still hardly possible without experimentation (Youssef
G. Besagni, F. Inzoli / Chemical Engineering Science 145 (2016) 162–180 163Ahmed et al., 2013). In particular, annular gap bubble columns are
reactors with vertical internal tubes. Understanding the two-phase
ﬂow inside such devices is relevant for some important practical
applications. Annular gap conﬁgurations can occur in internal-loop,
air-lift bubble columns and in photo-catalytic bubble column reactors
containing lamps positioned on their centerline (Youssef Ahmed et al.,
2013). The inﬂux of gas, oil and water inside a wellbore casing
represents a multiphase ﬂow inside concentric or eccentric annuli
(Das et al., 1999a, 199b; Hasan and Kabir, 1992, 2010; Kelessidis and
Dukler, 1989; Lage and Time, 2002). In addition, annular channels
have been found to replicate some of the phenomena found in these
more complex geometries, such as in heat exchangers, separators, fuel
bundles and steam generators. The availability of experimental data
on such conﬁguration is relatively scarce and further experimental
investigations are needed for establishing a reliable dataset for model
validation and scale-up purposes. Bubble columns are operated in the
co-current, counter-current or semi-batch mode. While the co-
current or semi-batch modes are widely studied, the counter-
current mode is less investigated (Leonard et al., 2015) and – for
the same reason reported above – ad-hoc experimental investigations
should be performed.
Whereas the majority of studies have focused on open tubes
running in co-current or semi-batch mode (Leonard et al., 2015),
this study investigates a dc¼0.24 m inner-diameter counter-cur-
rent annular gap bubble column and the inﬂuence of the internals
on the two-phase ﬂow. The diameter of the column (dc¼0.24 m)
and its height (Hc¼5.3 m) were chosen considering the well-
known scale-up criteria for the: results obtained in a bubble col-
umn having dc40.15 m and Hc/dc45 may be considered repre-
sentative of larger systems (Kantarci et al., 2005; Leonard et al.,
2015). Moreover, the pipe considered in this study has an inner
diameter of 0.24 m, which is a large diameter pipe under the
ambient operating conditions, based on the dimensionless dia-





where DH is the hydraulic diameter, σ is the surface tension coef-
ﬁcient, g is the gravity acceleration and ρLρG is the density dif-
ference between the two phases. Pipes with dimensionless dia-
meters greater than the critical value D*H,cr¼52 are considered to be
large diameter pipes (Brooks et al., 2012). Considering air and water
under atmospheric conditions, the critical hydraulic diameter is
DH,crE0.13 m. When the pipe diameter is larger than this value, the
stabilizing effect of the channel wall on the interface of the Taylor
bubbles becomes lower, and the slug ﬂow can no longer be sus-
tained due to the Rayleigh–Taylor instabilities. The hydrodynamic
properties in large pipes differ from the ﬂow in small pipes because
of changes in the liquid ﬁeld around the bubbles, the presence of
additional turbulence and strong secondary recirculation (Shawkat
and Ching, 2011). Therefore, the ﬂow regime maps and ﬂow regime
transition criteria used to predict the behavior of two-phase ﬂow in
small pipes may not be scaled up to understand the ﬂow in large
ones. Our experimental facility has a dimensionless diameter of
D*H¼88.13, without considering the internal tubes, and of D*H¼47.37
in the annular gap conﬁguration. Such values are higher than the
ones commonly investigated in the literature and the present
experimental setup differs from the ones previously investigated, as
discussed in literature survey proposed by Besagni et al. (2015).
Besagni et al. (2015) reviewed the studies about the counter-current
two-phase ﬂow in vertical pipes and the two-phase ﬂow in annulus
channels. The remaining of the introduction expands the literature
survey by analyzing the literature concerning bubble columns with
internals and the inﬂuence of the liquid velocity on bubble column
hydrodynamics.It is not clear if (and how) the presence of internal tubes in a large-
diameter bubble column may affect the hydrodynamics in terms of
ﬂow regime transition and holdup. Indeed, few studies concerning the
hydrodynamic of bubble columns with internals can be found in the
literature. Carleton et al. (1967) studied different column diameter
(0.076 m, 0.153 m and 0.305 m) with different internal tubes (with
size ranging from 0.025 to 0.076 m). The authors reported an increase
of the holdup in the annular gap conﬁguration. Yamashita (1987)
studied three different columns (0.08, 0.16 and 0.31 m inner diameter)
and the inﬂuence of inner tubes on gas holdup. They reported an
increase of the holdup if compared with the case without inner tubes.
Yamashita also found that gas holdup does not depend on the
arrangement of vertical tubes; however, it increased with both their
number as well as with their outer diameter. O'Dowd et al. (1987)
studied a slurry bubble column (0.108 m inner diameter) with and
without internal bafﬂes (ﬁve tubes with outer diameter of 0.019 m
diameter). The gas holdup increases in the bafﬂed column as com-
pared to the un-bafﬂed one, and bubble size increases in the bafﬂed
column at high gas velocities. Jhawar et al. (Jhawar and Prakash, 2014)
studied a 0.15 m column and compared the gas holdup, local liquid
velocity and bubble fractions holdups obtained with and without
internals (0.0127 m outer diameter). The holdup may increase or
decrease depending on the conﬁguration and disposition of the
internal tubed. Maurer et al. (2015) studied the inﬂuence of inner
tubes (with outer diameter ranging from 0.01 to 0.02 m) in a 0.14 m
column by using x ray tomography. The authors reported a reduction
in bubble size for the case with vertical internals. Al-Ouﬁ et al. (2010,
2011) investigated an annular gap bubble column, using different
inner tube diameters (0.025, 0.038, 0.051 and 0.070 m) placed con-
centrically inside the outer column of 0.102 m. The authors found
higher holdup in the open tube column design
Considering the inﬂuence of the inner tubes over the two-phase
ﬂow, it is relevant to refer to the studies concerning the effect of
column diameter in a bubble column. The data of Fair et al. (1962)
and Yoshida and Akita (1965) show that the effect of the column
diameter on the gas hold-up is negligible for columns larger than
0.15 m. Hughmark (1967) has found an effect of column size on gas
hold-up up to a diameter of 0.10 m. Kato et al. (1972) conducted
measurements in 0.066-, 0.122 and 0.214 m columns and found that
the gas hold-up increases with decreasing column size. Koide et al.
(1979) measured the gas hold-up in a 0.55 m column and found no
signiﬁcant difference from the literature values reported for columns
less than 0.60 m in diameter. Deckwer et al. (1980) found a difference
in hold-up between a 0.041 m column and a 0.10 m column. Hikita
et al. (1980) measured hold-up in a 0.10 m column and compared
their results with the ones reported in the literature for columns
larger than 0.10 m, ﬁnding no appreciable effect of the column dia-
meter on the holdup. Gopal and Sharma (1983) measured the gas
hold-up in 0.2, 0.6 and 1.0 m columns and concluded that the col-
umn diameter and sparger do not signiﬁcantly inﬂuence the gas
hold-up values. Nottenkamper et al. (1983) measured the gas hold-
up in 0.19, 0.45 and 1.0 m columns and obtained comparable results
for the 0.19 and 0.45 m columns but lower hold-up values for the
1 m column at high gas rates, which they attributed to the larger
diameter. Koide et al. (1984) observed smaller gas hold-up values in
columns smaller than 0.2 m. Despite some contradictory results in
the literature, it appears that most investigators consider a column
size of 0.10–0.30 m large enough to obtain gas hold-up values that
can be reliably used to predict hold-up values in larger columns.
There is no general agreement on the role of liquid velocity on
the hydrodynamics of the bubble columns, and studies focused on
counter-current bubble columns are still limited. Akita and Yosh-
ida (1973) have studied the effect of the liquid ﬂow rate on the gas
hold-up in a column 0.152 m in diameter. They have concluded
that the effect of the liquid ﬂow rate is negligible for superﬁcial
liquid velocities up to 0.04 m/s, either in gas–liquid counter-
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observed an increase in the holdup and earlier regime transitions
as the counter-current liquid ﬂow rate is increased in a small pipe
with a diameter of 0.05 m. Their analysis covered gas superﬁcial
velocities up to 0.0824 m/s and liquid superﬁcial velocities up to
0.15 m/s. Baawain et al. (2007) concluded that the counter-
current or co-current operations inﬂuenced the holdup for
approximately 5% in weight, and less than 1% on bubble size,
showing that the effect observed is mainly caused by the changes
in the bubble rise velocity and not only caused by the bubble size.
Biń et al. (2001) observed an increase in the holdup in counter-
current mode and a decrease in co-current mode. The effect is
more pronounced at high gas velocity and the difference in the
holdup between co-current and counter-current mode is around
10%. The same trends were observed by Jin et al. (2010)
(dc¼0.160 m, Hc¼2.5 m), who reported a maximum difference of
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Fig. 1. ExperimeThe aim of this work is to extend the existing dataset by
investigating a novel conﬁguration which may represent an
industrial apparatus. Indeed, there is a lack of studies investigating
the counter-current ﬂow in a large-diameter columns and the
inﬂuence of internals over the hydrodynamics and the ﬂow regime
transition. The very ﬁrst experimental results of the annular gap
conﬁguration have been reported (Besagni et al., 2014, 2015;
Besagni and Inzoli, 2016), but some open unsolved issues remain
concerning the inﬂuence of the inner tubes on the hydrodynamics
of the system. To this end, in this paper, we present an experi-
mental investigation aimed at studying the inﬂuence of the inner
tubes over the holdup curves and the regime transition. In this
paper, the two-phase ﬂow is studied by using gas holdup mea-
surements and double-ﬁber optical probes. The bed expansion
technique was used to obtain gas holdup measurements, which
are compared with existing correlations and used to investigate
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optical probe to relate the global hydrodynamics of the system
to the local ﬂow properties.JE ¼ u1εG 1εGð Þ ð12Þ2. Experimental setup and method
2.1. Experimental setup
The experimental facility (Fig. 1a–c) is a non-pressurized vertical
pipe made of Plexiglas with dc¼0.24 m and Hc¼5.3 m. In the Annular
Gap (AG) conﬁguration, two internal PVC pipes are positioned: one
centrally (with an external diameter of 0.060 m) and one asymme-
trically (with an external diameter of 0.075 m). In the Open Tube (OT)
conﬁguration, there are no internal tubes. A pump, controlled by a by-
pass valve, provides water recirculation, and a rotameter (3) measures
thewater ﬂow rate. A pressure reducer controls the pressure upstream
from the rotameters (1) and (2), used to measure the air ﬂow rate. The
air distributor (Fig. 1b), which is positioned asymmetrically, is made of
a stainless steel tube with an external diameter of 0.070 m, a height of
0.340 m and holes positioned along the circumference with diameters
dholes¼3.5 mm. Clean ﬁltered deionized water was used and during
the experiments, the air and water temperatures were held constant
at room temperature (2271 °C).
The values of gas density (used to compute the superﬁcial gas
velocity, UG) are based upon the operating conditions existing at
the column mid-point. The mid-point column pressure was
assumed to be equal to the column outlet pressure plus one-half
the total experimental hydrostatic pressure head. The operating
conditions investigated are as follows:
 in the AG conﬁguration, UG up to 0.23 m/s and UL of – 0.11 m/s;
 in the OT conﬁguration, UG up to 0.20 m/s and UL of – 0.092 m/s.
2.2. Experimental techniques
The holdup measurements were determined using the bed
expansion technique. The local bubble properties were measured
using a double-ﬁber optical probe. The next sections detail the
measurement techniques.
2.2.1. Gas holdup
2.2.1.1. Gas holdup measurements. Measurements of the bed
expansion allowed the evaluation of the gas holdup εG. The pro-
cedure involves measuring the location (height) of the liquid free
surface when air ﬂows in the column. The gas holdup is then





where HD and H0 are the heights of the free surface after and
before aeration, respectively. The reference height is the
distributor level.
2.2.1.2. Flow regime transition analysis. Although the transition
from the homogeneous to the heterogeneous regime does not occur
instantaneously, the deﬁnition of an approximate transition point is
helpful for modeling the hydrodynamic behavior of bubble col-
umns. Two main transitions exist in large-diameter bubble col-
umns: (i) the transition between the homogeneous and the tran-
sition regime and (ii) the transition between the transition regime
and the heterogeneous regime. However, in the literature, lot of
authors consider only the ﬁrst regime transition, without any
reference to the second one, except for a limited number of studies
(Nedeltchev, 2015; Nedeltchev and Shaikh, 2013; Sharaf et al.,
2016). In the following, for the sake of clarity, we refer to “ﬂowregime transition point” considering the ﬁrst transition. We employ
two models from the literature to investigate the regime transition.
The ﬁrst method is the one developed by Zuber and Findlay
(1965) based on the swarm velocity:
Uswarm ¼ JG=εG ð3Þ
The swarm velocity is plotted against the superﬁcial gas velo-
city: Uswarm is constant in the homogeneous regime but begins to
increase as the system enters the heterogeneous regime at a cer-
tain transition superﬁcial velocity Utrans. The appearance of the
ﬁrst large bubble is responsible for this sudden increase in swarm
velocity and is an indication of ﬂow regime transition. In this
study, the quantitative evaluation of Utrans is determined by the
intersection between the trends of Uswarm in the two regimes.
Uswarm is constant for the homogeneous regime:
Uswarm;bubbly ¼ cons ð4Þ
whereas in the churn turbulent ﬂow, it is determined by a least
squares ﬁtting of the following function:
Uswarm;churn ¼ S1 JG
 S2þS3 ð5Þ
where S1, S2 and S3 are ﬁtting parameters. The transitional velocity
is then evaluated by solving the following equation:
Uswarm;bubbly ¼ Uswarm;churn ð6Þ
The second method is the drift-ﬂux plot proposed by Wallis
(1969) and has been widely applied in the literature. This method
is based on the drift ﬂux, which represents the gas ﬂux through a
surface moving with the speed of the two-phase mixture and is
experimentally obtained as follows:
UT ¼ UG 1εGð Þ7ULεG ð7Þ
which, for a counter current ﬂow, reads as follows:
UT ¼ UG 1εGð ÞþULεG ð8Þ
The reader should refer to Appendix A for the derivation of
(Eqs. (7) and 8).
Theoretically, the drift ﬂux is written in terms of the bubble
swarm velocity, whose dependence upon εε varies with the pre-
vailing regime:
JE ¼ Ub 1εGð Þ ð9Þ
The idea in this method is to employ a model for Ub that is valid
for the homogeneous regime, plotting JE and JT in the same graph
as a function of εG. In the homogeneous regime, JE is equal to JT,
and the transition point is deﬁned when
JTa JE ð10Þ
The evaluation of Uswarm is a matter of discussion in the lit-
erature, and different models have been proposed and applied. In
this study, we follow the approach of Krishna et al. (2000), which
is based on the empirical model of Richardson and Zaki (1997):
Ub ¼ u1εG 1εGð Þn1 ð11Þ
where n is ﬂuid-dependent (nﬃ2 for water) and should be ﬁtted
with the aid of the experimental data, together with u1, the
terminal velocity of an isolated bubble, in the determination of the
regime transition point. From (Eqs. (9) and 11), we obtain the
following:
n
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The local bubble properties were measured using a double-
ﬁber optical probe. The optical probe is inserted, via an access port,
into the ﬂow at a height of hprobe¼2.3 m from the bottom of the
column (1.9 m from the air distributor).
2.2.2.1. Instrumentation. A double-ﬁber optical probe system
(manufactured by RBI) measures the local ﬂow properties (local
void fraction, bubble vertical velocity, bubble Sauter mean dia-
meter, interfacial area concentration and bubble chord length
distributions). Similar optical probe systems have been used by
different authors (Besagni and Inzoli, 2015; Chaumat et al., 2005;
Kiambi et al., 2003; Lima Neto et al., 2008; Simonnet et al., 2007;
Zhang and Zhu, 2013).
Optical probes distinguish the gas and liquid phases by mea-
suring the intensity of a laser light that is reﬂected and/or
refracted at the probe tip based on the refractive indexes of the
probe tip, gas and liquid phases (Barrau et al., 1999). The probe
signal is measured via an optoelectronic module, which emits the
laser to the probe tip and converts the reﬂected optical signal into
a digital signal. From the digital signal, the bubble frequency f
(bubble number per unit time) and void fraction εG,Local (assuming
it equals the proportion of time when the tip is surrounded by gas)
can be obtained. By cross-correlating the signals from the two tips,
the bubble traveling time from one tip to the other can be esti-
mated, and the bubble velocity ub can be calculated. A precise
description of how each variable is measured by the optical probe
was proposed by Chaumat et al. (2007) and is not repeated here.
Assuming that the bubbles are spherical, the bubble Sauter mean
diameter db is calculated accordingly with Kataoka et al. (1986):
db ¼ 3εG;Localub=2f ð13Þ
Eq. (13) is based on the assumption of spherical bubbles;
however, this assumption is only approximately valid when the
bubbles are small. The following equation has been used to
account for the non-sphericity of bubbles (Simonnet et al., 2007):
db;corrected ¼φ2=33εG;Localub=2f ð14Þ
where φ is the aspect ratio.
2.2.2.2. Measurement locations. Using the optical probes, the fol-
lowing data have been obtained:
 AG conﬁguration. The optical probes have been used to acquire
data at a single point (Fig. 2a) for different superﬁcial gas and
liquid velocities.
 OT conﬁguration. The optical probes have been used to acquire
data in the center of the column (midpoint position) for a wide“AG” “OT”
Sampling 
points40 mm
Fig. 2. Optical probe sampling positions.range of operating conditions. Furthermore, at UL¼0 m/s (batch
mode), 5 radial proﬁles (Fig. 2b) in homogeneous regime and
3 in transition/heterogeneous ﬂow have been acquired. Finally,
to investigate the counter-current operating condition, 3 radial
proﬁles in bubbly and transition/heterogeneous ﬂow have been
acquired for UL¼0.08 m/s (counter-current mode).
2.2.2.3. Sampling period. All of the above-mentioned measure-
ments have been obtained using a sampling period equal to
Δtsampling¼1000 s, which is large enough to produce reliable time-
averaged values. Moreover, this measurement period is far above
the typical values of 1–5 min for similar optical probes (Chang et
al., 2003; Chaumat et al., 2005; Lima Neto et al., 2008; Zhang and
Zhu, 2013).
2.2.2.4. Optical probe sources of errors. There are some potential
sources of error when characterizing bubbles using optical probes
(Vejražka et al., 2010):
 improper dewetting at the probe tip (the blinding effect);
 alteration of the bubble trajectory before or during the piercing
process (the drifting effect);
 bubble deformation and/or deceleration at the probe tip (the
crawling effect).
Both the blinding effect and the crawling effect include defor-
mation effects. The deformation of the blinding effect is mainly
related to a local deformation zone located in the bubble interface,
which may be produced by both the probe-induced liquid pressure
over the bubble and the direct impact itself. The crawling effect
considers the deformation of large parts of the bubble. The relative
inﬂuence of these effects on the ﬁnal residence time estimates, as
well as their absolute magnitude, is not yet clear. A summary of
the errors reported by the optical probe in the literature is as
follows:
 Void fraction. Generally, the optical probe is considered rather
accurate in terms of void fraction. Comparing optical probe
results with other measurement techniques (i.e., visual or
pressure sensors), the relative differences found in the literature
are as follows: between 0.8% and 16% according to Barrau
et al. (1999); 2.2% (Zhang and Zhu, 2013); 3% (Chang et al.,
2003); 11% (Lima Neto et al., 2008); between 6% and 14%
(Kiambi et al., 2003); and þ12% (Simonnet et al., 2007). Barrau
et al. observed the worst performance with no liquid ﬂow and/
or at low gas fractions.
 Bubble rise velocity. The rise time errors are primarily affected
by the impact angle of the bubbles with the probe tip. The
relative difference reported in the literature, compared with
other techniques (i.e., image processing) are þ45% (Cartellier
and Barrau, 1998); þ5% (Kiambi et al., 2003); between þ5% and
þ6% (Chang et al., 2003); between þ10% and þ30% (Chaumat
et al., 2005); þ15% (Simonnet et al., 2007); þ29% (Lima Neto et
al., 2008); and approximately þ9% (Zhang and Zhu, 2013).
 Bubble diameter. The assumption of spherical bubbles leads to
an underestimation of the equivalent diameter by between
þ10% and 27% (Chaumat et al., 2005; Lima Neto et al., 2008;
Zhang and Zhu, 2013). Applying a correction based on the
aspect ratio evaluation can reduce the error, e.g., from þ26.6%
to þ7% (Zhang and Zhu, 2013).3. Results
This section details the experimental results. First, the holdup
measurements are presented and used to obtain information on
 Annular Gap (AG)
Open Tube (OT)
Fig. 3. Gas holdup: measurements.
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optical probe data are presented and used to investigate the local
ﬂow behavior.
3.1. Gas holdup
3.1.1. Gas holdup measurements
Fig. 3a presents the holdup measurements for the AG conﬁguration.
At low air superﬁcial velocity, in the homogeneous regime, the rela-
tionship between the gas holdup and the air superﬁcial velocity is lin-
ear, followed by a change in slope due to ﬂow regime transition. Upon
increasing the liquid ﬂow rate, a faster increase in the holdup is
observed at low superﬁcial gas velocities, and the transition point also
moves toward lower superﬁcial gas velocities. This change is explained
by the effect of the liquid ﬂow, which slows down the rise of the
bubbles, leading to higher holdup: the more compact arrangement of
the bubbles leads to an earlier ﬂow regime transition (Section 3.2). This
phenomenon is further investigated by the optical probemeasurements
in Section 3.3. Above the transition velocity, large deformed bubbles
(the “coalescence induced” bubbles, (Urseanu, 2000)) appear and the
bubble coalescence increases the average rise velocity and reduces gas
residence time in the column, hence decreasing the gas holdup versus
gas velocity slope. In the transition/heterogeneous regime, the slope of
the curves changes continuously indicating a continuous increase of the
“coalescence induced” bubbles (Urseanu, 2000). The slope of the holdupcurves is the one typically found for similar sparger design and, as
expected, no peak is observed (Sharaf et al., 2016; Urseanu, 2000). This
was previously discussed by Besagni and Inzoli (2016). Above εGE16–
17%, the water superﬁcial velocity has no inﬂuence on the gas holdup.
The discrepancy of the holdup in the transition/heterogeneous regime
between the no liquid ﬂow and counter-current conﬁgurations is hardly
justiﬁed. One possible hypothesis may be the asymmetric distributor,
which generates a larger ﬂow development zone in the no liquid ﬂow
conﬁguration with respect to the counter-current cases, due to the
lower liquid back-mixing. Another hypothesis may be the change in the
bubble size distribution in counter-current mode. The interested reader
should refer to the studies of Besagni et al. (2015, 2016) for the ﬂow
visualizations and the image analysis for information on bubble sizes
and shapes.
Fig. 3b presents the holdup measurements for the OT conﬁg-
uration. Similar to the AG conﬁguration, homogeneous regime and
regime transition were observed. At low air superﬁcial velocity, in
the homogeneous regime, the relationship between the gas
holdup and the air superﬁcial velocity is linear, followed by a
change in slope due to the ﬂow regime transition. The absence of a
stable slug ﬂow in both conﬁgurations can be explained by large
diameter column theory: the dimensionless diameter is D*H¼88.13,
without considering the internal tubes, and D*H¼47.37 in the
annular gap conﬁguration. In addition the absence of the slug ﬂow
is in agreement with the ﬂow map of Shah et al. (1982)
Our results may suggest that the liquid velocity inﬂuences the
bubble column hydrodynamic. This result is in agreement with the
ﬁndings of Otake et al. (1981), Baawain et al. (2007), Biń et al. (2001)
and Jin et al. (2010), but disagrees with the results of Akita and
Yoshida (1973). Our ﬁndings suggest that UL has an inﬂuence on the
holdup owing to the comparable order of magnitude of the liquid
and gas velocity. Hills (1976) mentioned that, if UL is low compared
to the bubble rise velocities, no impact of liquid velocity on the
holdup is expected as the acceleration of the bubbles will be neg-
ligible. However, in this case, the bubble swarm velocities (Section
3.2.1) are comparable in their value with the liquid velocities.
Similar conclusions were derived by Rollbusch et al. (2015).
Comparing the AG and the OT conﬁgurations, the ﬁrst
remarkable difference is the behavior in the transition/hetero-
geneous regime: in the OT conﬁguration the holdup increases,
with the superﬁcial water velocity. However, in the OT conﬁg-
uration, the holdup curves seem to regroup together into a single
curve at higher UG. The two bubble column designs are compared
in Fig. 4 for UL¼0, 0.04 and 0.09 m/s. The holdup values are
very similar between the AG and the OT conﬁgurations: the
holdup curves are similar in shape and the holdup values are
comparable (Fig. 4). In particular, at UL¼0.04 m/s, the holdup
curves are very close (Fig. 4b). There are small differences at
UL¼0 m/s (the AG conﬁguration has slightly lower holdup, Fig. 4a)
and at UL¼0.09 m/s (the AG conﬁguration has a slightly higher
holdup, Fig. 4c). However, these differences are very limited,
suggesting that the presence of the internals has a negligible effect
on the holdup curves. Investigation dealing with the comparison
of the holdup for the case with and without internals and with
UL¼0 m/s have been performed by Carleton et al. (1967), Yama-
shita (1987), O'Dowd et al. (1987) and Jhawar and Prakash (2014).
Carleton et al., Yamashita et al. and O’Down et al. reported an
increase of the holdup in the annular gap conﬁguration. These
results are in agreement with our ﬁndings. Jhawar and Prakash
(2014) found that the holdup may increase or decrease depending
on the conﬁguration and disposition of the internal tube. Al-Ouﬁ
et al. (2010, 2011) found that the holdup decreases in the annular
gap conﬁguration (UL¼0 m/s), which is in disagreement with our
ﬁnding. However, Al-Ouﬁ et al. (2010, 2011) have tested a small
diameter bubble column with a porous sparger, which is a very
different conﬁguration from the present one. Our results suggest
Fig. 4. Gas holdup: comparison between AG and OT conﬁgurations.
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holdup curves, probably because of the large-diameter of the
column. The limited inﬂuence of the vertical internals on the
holdup is in agreement with the rule of the thumb that dc¼0.15 m
is larger enough for the results to be scalable.The holdup curves obtained with the AG and OT conﬁgurations
(batch mode) are similar to the holdup curve obtained using same
experimental facility equipped with a spider sparger (Besagni and
Inzoli, 2015). This may suggest a limited inﬂuence of the sparger
design in large-diameter bubble columns, possibly due to the
sparger with large openings. However, this is a matter of future
studies; in particular, the spider-sparger bubble column should be
investigated in the counter-current mode.
3.1.2. Comparison with data and correlation from the literature
3.1.2.1. Data comparison. In the literature, assorted experimental
data are available on bubble columns with various diameters.
However, few studies are available on counter-current ﬂow in
large diameter columns. Moreover, experiments involving internal
tubes in large diameter columns (similar to the present conﬁg-
uration) are almost absent. To compare the holdup data, a set of
experimental studies whose column diameter and sparger design
were similar to the one considered in this study have been
selected. The list of references is given in Table 1, and the data
comparison is displayed in Fig. 5. The data of Al-Ouﬁ et al. (2010)
refer to the annular gap conﬁguration with an inner tube diameter
of 0.051 m. A relatively high variability between the reference data
is observed. However, the holdup results lie within the range of
such variability, indicating that the two-phase ﬂow dynamics in
this experimental conﬁguration is similar to the one in a bubble
column without an inner tube.
Comparing our results with the studies focusing on the inﬂu-
ence of internals (Carleton et al., 1967; Jhawar and Prakash, 2014;
O'Dowd et al., 1987; Yamashita, 1987)-the reader may refer to the
literature review in the introduction-it is clear that the changes to
the holdup highly depend upon the internal layout and column
design.
3.1.2.2. Correlation comparison. Many correlations have been
proposed in the literature for the gas holdup. Herein, a set of





























































Experimental studies (code reference to Fig. 5).
References Conﬁguration dcolumn [m] Sparger design
R1 (Reith et al., 1968) Open tube 0.14 Perf. Plate – dholes ¼ 2 mm
R2 (Reith et al., 1968) Open tube 0.29 Perf. Plate – dholes ¼ 2 mm
R3 (Schumpe and Grund, 1986) Open tube 0.30 Ring – dholes ¼ 1 mm
R4 (Wilkinson et al., 1992) Open tube 0.15 Ring – dholes ¼ 2 mm
R5 (Wilkinson et al., 1992) Open tube 0.23 Ring – dholes ¼ 7 mm
R6 (Thorat et al., 1998) Open tube 0.385 Sieve plate – dholes ¼ 1 mm
R7 (Thorat et al., 1998) Open tube 0.385 Sieve plate – dholes ¼ 2 mm
R8 (Al-Ouﬁ et al., 2010) Annular gap 0.102 Porous plate – dholes ¼ 0:1 mm












Annular gap Open tube
Hughmark 1967 Akita and Yoshida 1973
Hikita and Kikukawa 1974 Mersmann 1978
Hikita 1980 Sada 1984
Reilly 1986 Kawase and Moo-Young 1987
Fig. 6. Gas holdup: comparison with correlations from the literature.
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εG ¼ 296UU0:44G ρ0:98L σ0:16ρ0:19G þ0:009 ð20Þ





ð21ÞThe reader should refer to Appendix B for a detailed discussion
of these correlations and their range of applicability. The OT con-
ﬁguration is well predicted for both low and high air superﬁcial
velocities by the correlation of Hughmark (1967). In contrast, the AG
conﬁguration is well predicted by Mashelkar (1970) correlation. The
correlation of Reilly et al. (1986) gives a similar trend to the
experimental data; however, a constant shift in holdup is observed.
The correlation of Kawase and Moo-Young (1987) underestimates
the data in the homogeneous regime and overestimate the data in
the heterogeneous regime. The correlation of Hikita and Kikukawa
(1974) exhibits the opposite behavior. All of the other correlations
underestimate the data in all of the ﬂow regimes.
3.1.3. Proposed gas holdup correlation
The correlations from the literature have low accuracy in pre-
dicting the holdup throughout the operating range; therefore, a
new correlation is proposed. The relationship between the gas
holdup and the physical properties of the system may be written
as a function of the following parameters:
εG ¼ f g;UG; deq;μL;ρLρG; g
  ð22Þ









¼ f Ca;Moð Þ ð23Þ
Different formulations can be used for the function f, and, in




¼ k1 Mok2Cak3 ð24Þ




¼ k1 Cak3 ð25Þ






¼ k3 lnðCaÞþ ln k1
  ð26Þ
which is equivalent to
y¼m xþq ð27Þ
where k3¼m, ln(Ca)¼x and ln(k1*)¼q. The results of the analysis
can be found in Table 2. Then, the exponent n is selected as the one
that better ﬁts the experimental data. For the AG conﬁguration,
n¼4, such as in Akita and Yoshida. For the OT conﬁguration, n¼4
gives unsatisfactory results, and n¼3.7 is selected. The results are
displayed in Fig. 7: the proposed correlation matches the data fairly
well compared to the previous correlations in the literature. Future
study should expand the correlation for other column design as
well as for considering the counter-current operation mode.
Table 2
Parameters in the proposed correlations.
Conﬁguration R2 k3 k1 Correlation
Annular gap 0.9958 0.9966 329.31 εG
1 εGð Þn ¼ 329:31 Ca
0:997
Open tube 0.9976 0.9818 321.69 εG




























Correlation - Exp = 4
Correlation - Exp = 3.7
OT - Batch mode
Fig. 7. Proposed correlations for the gas holdup.
Swarm velocity
Transition velocity
Fig. 8. AG conﬁguration: swarm velocity analysis.
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Herein we discuss the inﬂuence of the liquid velocity and col-
umn design on the regime transition. At ﬁrst the results of the ﬂow
regime transition analysis are presented and a comparison with the
typical value in the literature is given. At second, we analyze the
inﬂuence of the liquid velocity on the ﬂow regime transition and, at
third, we compare the open tube and the annular gap conﬁguration.
Finally, we compare our data with correlations from the literature.
3.2.1. Flow regime transition results
The results of the ﬁrst method are presented in Figs. 8 and 10 for
the AG and the OT conﬁguration, respectively. The results of the sec-
ond method are presented in Figs. 9 and 11 for the AG and the OT
conﬁguration, respectively. The value of the transitional gas velocity is
in agreement between the two methods, and, following the proposalof Ribeiro and Mewes (2007) and Besagni and Inzoli (2015), the
transition points have been evaluated as the mean of the two values,
and the results for the holdup and gas velocity are presented in Fig. 12.
The ﬂow regime transitions, depending on the liquid velocity
and the column design, lie in the range between 0.0266 m/s and
0.0110 m/s. The typical values of Utrans found in the literature for the
air–water systems in bubble columns of diameter higher than
0.15 m range between 0.01 and 0.08 m/s at ambient operating
conditions (Dargar and Macchi, 2006; Hur et al., 2013; Krishna et al.,
1991; Letzel et al., 1999; Reilly et al., 1994; Ruzicka et al., 2001;
Schumpe and Grund, 1986; Urseanu, 2000; Wilkinson et al., 1992;
Zahradnik et al., 1997). The value depends mainly on the distributor
type. Single and multiple nozzles or perforated plate distributors
with hole diameter greater than 1 mm (“coarse” distributors)
usually lead to an early regime transition, while “ﬁne” distributors
such as porous plates (Al-Ouﬁ et al., 2010; Al-Ouﬁ et al., 2011) or
needles (Mudde et al., 2009) can maintain a stable homogeneous
regime at higher gas ﬂow rates (i.e., Mudde et al. reported homo-
geneous regime up to an holdup equal to 0.55). The distributor
considered in this study is of the “coarse” type, and the values of
Utrans suggest an early destabilization of the homogenous regime.
A brief comparison with some of the previous studies is pre-
sented in Table 3. The values in the present study are in very good
agreement with the studies of Dargar and Macchi, (2006) and
Rollbusch et al. (2015). Ribeiro and Mewes (2007), Zahradnik et al.
Swarm velocity
Transition velocity
Fig. 9. OT conﬁguration: swarm velocity analysis.
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sition for a larger holdup than our value. Probably, this is due to the
air distribution at the inlet (i.e., the porous sparger in Al-Ouﬁ et al. or
perforated plate sparger with dholeo1 mm). The transition holdups
measured by Krishna et al. (2000), Urseanu (2000) and Letzel et al.
(1999) are around 10% higher than those obtained in this study. This
point was also found and discussed by Rollbusch et al. (2015).
It is worth noting that, in the AG conﬁguration, Besagni and
Inzoli (2016) observed a poly-dispersed bubble size distribution
(accordingly with the change of sign in the lift force) and the
appearance of cap-bubbles also in the homogeneous regime. The
cap-bubbles raised the column at a higher velocity compared to the
other bubbles and generated break-up phenomena in their path.
The poly-dispersed nature of the bubble size distribution as well as
the presence of the cap bubbles contribute to the early destabili-
zation of the homogeneous regime (Lucas et al., 2003, 2006).
3.2.2. Inﬂuence of the liquid velocity
For both the AG and the OT conﬁguration, the transition velo-
city decreases while increasing the liquid velocity (Fig. 12): the
counter-current operating conditions destabilize the homo-
geneous ﬂow. The counter-current liquid slows the bubbles,
increasing the holdup, the local void fraction and the bubble mean
diameter (refer to the optical probe results): thus, for the same
superﬁcial gas velocity, the mean distance between the bubbles
decreases, and therefore, coalescence phenomena may occur moreeasily because of the expected increase in bubble collisions. The
higher void fraction is clear from the holdup measurement (Sec-
tion 3.1) and optical probe data (Section 3.3).
It is particularly interesting that the relationship between the
superﬁcial water velocity and the transitional velocity is linear for
the AG conﬁguration (R2¼0.9994):
UG;trans ¼ 0:0939ULþ0:0264 ð28Þ
and the OT conﬁguration (OT: R2¼0.9334):
UG;trans ¼ 0:0673ULþ0:0187 ð29Þ
This result may be seen as a consequence of the linear increase of
the holdup in the homogeneous regime. In the literature, Otake et al.
(1981) observed an increase in the holdup and earlier regime transi-
tions as the counter-current liquid ﬂow rate increased in a small pipe
of diameter 0.05 m. Their analysis covered gas superﬁcial velocities up
to 0.0824m/s and liquid superﬁcial velocities up to 0.15 m/s. Similar
conclusions were drawn by Yamaguchi and Yamazaki (1982) for small
pipes with diameters of 0.04m and 0.08 m, with gas superﬁcial
velocities up to 1m/s. In contrast, Akita and Yoshida (1973)
observed that the liquid ﬂow rate had no inﬂuence in a large pipewith
diameter 0.152 m at gas superﬁcial velocities up to 0.032 m/s and
liquid superﬁcial velocities up to 0.04 m/s. The latter is in dis-
agreement with what we observed in the homogeneous regime, while
the former suggests an inﬂuence of liquid ﬂow rate at gas superﬁcial
velocities higher than 0.06 m/s. Our results, considering the literature,
may support the idea of a correlation between the superﬁcial liquid
velocity and the transitional velocity.
3.2.3. Inﬂuence of the internals
In the OT conﬁguration, the ﬂow regime transition begins
earlier (Fig. 12). This behavior is difﬁcult to explain. A possible
cause may be the distributor: in the OT conﬁguration, the dis-
tributor causes higher bubble coalescence in the region upstream
of itself due to the absence of the internals. Al-Ouﬁ et al. (2010,
2011) found that the annular gap-conﬁguration destabilize the
homogenous ﬂow, and the ﬂow transition appear at higher
superﬁcial gas velocity (i.e., Utrans moves from 0.048 m/s to 0.047
and 0.026 m/s, depending on the annulus and, accordingly, εtrans
moves from 0.26 to 0.15): this is in disagreement with our ﬁnding
and the most probable cause is the distributor used (Al-Ouﬁ et al.
used a porous sparger). Utrans for the annular gap conﬁguration of
Al-Ouﬁ et al. is in agreement with our data, but εtrans is higher. This
is probably caused by the porous sparger distributor, which is
known for stabilizing the homogeneous ﬂow also at higher void
fraction. In the literature, we can also refer to studies concerning
variation in the column diameter. Sarraﬁ et al. (1999) found that
transition velocity increases with increasing column diameter.
However, it becomes independent of column diameter beyond
0.15 m. Ohki and Inoue (1970) found that transition velocity
increases with increasing column diameter in the range of 0.04–
0.16 m. Ruzicka et al. (2001) utilized their own gas holdup data
from three different column diameters (0.14, 0.29, and 0.4 m) to
calculate transition velocity. They found that an increase in column
diameter reduced transition velocity. Their results are consistent
with the observations of Zahradnik et al. (1997).
3.2.4. Comparison with correlation from the literature
We compare our experimental data with literature correlations.
One of the ﬁrst correlations proposed is by Wilkinson et al. (1992):














Fig. 10. AG conﬁguration: Wallis plot analysis.

















A ¼ 2:81ρLρ0:96G σ0:12 ð34Þ
For water as the liquid phase B*¼3.75 Comparisons of Utrans
and εG,trans from the experimental investigation and these corre-
lations are given in Table 4. Eq. (30) largely underestimates the
transition gas velocity. This observation was also made by Letzel
et al. (1999), who also compared their results with the correlation
of Reilly et al. (1994), which provide better agreement. In contrast,
Eq. (32) gives values for Utrans and εG,trans in agreement with the
experimental data.
The reader should also refer to the discussion of Besagni and
Inzoli (2016) concerning the use of the stability analysis to predict
the regime transition.3.3. Optical probe measurements
The data in the midpoint position of the annular gap conﬁguration
have been discussed in Besagni et al. (2015); therefore, this section is
devoted to the OT conﬁguration only. In the OT conﬁguration, both
midpoint and radial measurements have been acquired.
3.3.1. Midpoint measurements
Midpoint measurements have been acquired by placing the
optical probe in the center of the column (Fig. 2). The local void
fraction (Fig. 13a) increases with superﬁcial air velocity, as
expected. The local void fraction measured with the optical probe
also followed expected trends when compared with global values
(Fig. 13a). In the homogeneous regime, the local holdups at the
center of the column were comparable to global values, where
radial proﬁles for these conditions were shown to be ﬂatter
compared to the heterogeneous ﬂow regime. After the ﬂow regime
transition, the probe measurements are higher than the holdup,
because of the center peaked void fraction proﬁles (Section 3.3.1).
The same behavior was also observed by Pjontek et al. (2014).
Fig. 13a also displays the inﬂuence of the superﬁcial liquid velocity
on the local void fraction: the local holdup decreases with
increasing superﬁcial water velocity. This result is in agreement
with the holdup measurements and occurs because bubbles move
in a non-stagnant surrounding liquid, which is forced to move
Fig. 11. OT conﬁguration: Wallis plot analysis.
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(Section 3.3.2). Fig. 13b presents the relationship between the local
void fraction and the holdup: the relation is linear in the homo-
geneous regime also in the counter-current operation. It is inter-
esting that, after the ﬂow regime transition, the local data become
more scattered. This behavior suggests center peaked proﬁles,which are also conﬁrmed by the radial measurements. The relation
between local void fraction, for the batch mode and the holdup is
the following (R2¼0.9981).
εG;Local ¼ 0:4254ε2Gþ1:2485εG ð35Þ
“AG” “OT”
Fig. 12. Transition holdup and gas velocity.
Table 3
Flow regime transition comparison with data from the literature.
Refs. dc [m] Sparger type εG,trans [dimensionless] Utrans [m/s]
This study – OT 0.24 Pipe sparger dhole ¼3.5 mm 0.0683 0.0179
This study – AG 0.24 Pipe sparger dhole ¼3.5 mm 0.0874 0.0263
(Zahradnik et al., 1997) 0.15 Perforated plate dhole ¼0.5 mm 0.21 0.04
(Ribeiro and Mewes, 2007) 0.12 Perforated plate dhole ¼0.7 mm 0.35 0.0405
(Rollbusch et al., 2015) 0.16 Perforated plate dhole ¼1 mm 0.068 0.03
(Urseanu, 2000) 0.051 Perforated plate dhole ¼0.5 mm 0.098 0.019
(Urseanu, 2000) 0.15 Perforated plate dhole ¼0.5 mm 0.127 0.027
(Krishna et al., 2000) 0.15 Sieve plate dhole ¼0.5 mm 0.11 0.025
(Letzel et al., 1999) 0.15 Perforated plate dhole ¼0.1 mm 0.13 0.027
(Dargar and Macchi, 2006) 0.152 Perforated plate dhole ¼0.8 mm 0.09 0.028
(Al-Ouﬁ et al., 2011) - AG 0.102 Porous sparger 0.26 0.048
(Al-Ouﬁ et al., 2011) - OT 0.102 Porous sparger 0.25–0.15a 0.047–0.026a
a Depending on the annular gap.
Table 4










Utrans [m/s] 0.0263 0.0179 0.00198 0.0289
εG,trans [dimensionless] 0.0874 0.0683 0.0077 0.0077
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may be used – in future studies-for providing detailed information on
the local void fraction proﬁles and for developing a Drift Flux model
(Zuber and Findlay, 1965) of the large-diameter bubble column.
The comparisons between global and local measurements in
the midpoint provided an additional method to establish the
bubble ﬂow regime, as also performed by Pjontek et al. (2014).
Bubble ﬂow regime detection using local measurements has also
been demonstrated by Shiea et al. (2013). To better investigate the
ﬂow regime transitions, the global and the local swarm velocity
are compared in Fig. 14a. The transitional superﬁcial gas velocity is
similar, but the local swarm velocity starts increasing for lower gas
velocity (Fig. 14b). This is probably induced by the large bubbles
that moves toward the center of the pipe and rise the column at
higher velocity (Lucas et al., 2003).
The bubble vertical velocity (Fig. 15a) increases with superﬁcial
air velocity: the relation is linear in the homogeneous regime,followed by a change in slope due to the regime transition. This
relation provide an insight in the holdup curve (Fig. 3b): applying
the mass conservation to the gas phase, the holdup is given by
εG¼UG/uG (ug refers to the mean gas phase rise velocity). Theore-
tically, if all the bubbles would travel at their terminal velocity, the
holdup would increase linearly with the gas ﬂow rate. However, the
coupling between the phases causes deviations from the linearity
(Ruzicka et al., 2003). In the homogeneous regime, the hindrance
reduces the bubble velocity, thus increasing holdup, whereas, in the
heterogeneous regime, the circulations enhance the bubble velocity
resulting in a decrease of the holdup. The local values of the bubble
rise velocities are, thus, strictly related to the holdup. This relation is
further investigated in Fig. 15b, which correlates the local para-
meters: the relationship between the local void fraction and the
bubble rise velocity appears linear (Fig. 15b) till the regime transi-
tion, but the slope starts increasing after the regime transition.
Considering that these measurements were taken in the midpoint
position, this result supports the theory of larger bubbles mowing
toward the center of the pipe (Lucas et al., 2003).
3.3.2. Radial measurements
Figs. 16–18 represent the radial optical probe measurements for
the local void fraction, bubble rise velocity and bubble diameter.
Both the batch (UL¼0 m/s) and counter-current (UL¼0.008 m/s)
mode were investigated.
Local void fraction up proﬁles may be center peaked, wall
peaked or ﬂat, depending on UG, UL, the column design, the
G. Besagni, F. Inzoli / Chemical Engineering Science 145 (2016) 162–180 175sparger design, the nature of the gas–liquid system and the
operating conditions. During the past decades, a large number of
experimental measurements of void fraction have been reportedComparison
Parity plot
Fig. 13. Midpoint optical probe measurements: holdup and local void fraction
comparison.
Swarm velocity plot 
Fig. 14. Midpoint optical probe measuremeby using a variety of techniques, as reviewed by Joshi et al. (1998).
In the present case, the local void fraction proﬁles are center
peaked (Fig. 16a and b). This may appear surprisingly: usually, in
the homogeneous regime, the void fraction proﬁles are more or
less ﬂat. This behavior may be caused by the sparger with the large
openings, which produces a poly-dispersed ﬂow in the column
(Besagni and Inzoli, 2016). Increased gas ﬂow rates resulted in
overall higher void fractions and greater proﬁle curvature from the
column wall to the center, particularly after the ﬂow regime
transition. The formation of larger bubbles at higher gas ﬂow rates
(Urseanu, 2000) led to increased curvature of the radial proﬁles,
where maximum local gas holdups occurred at the center of the
column. The existence of a pronounced radial holdup proﬁle,
which generates strong liquid recirculation, is a well-known
characteristic of the heterogeneous regime. The center peaked
void fraction proﬁles induced the higher midpoint void fraction
measurements compared with the global holdup values (Fig. 13a).
The local void fractions εG,Local obtained with the optical probe
(Fig. 16) were compared to global holdups by integrating the radial







where Rc is the radius of the column. Table 5 shows that the
integrated local measurements, with the exception of one counter-
current case, within 720% of global measurements are in agree-
ment with the literature (Pjontek et al., 2014). This result is also in
agreement with Barrau et al. (1999), reporting the worst perfor-
mance of the optical probes at low gas fractions. The error may
also derive from the pressure gradient along the column, which
causes an axial proﬁle of the local void fraction. In this case, an
increase in pressure of approximately 0.3 bar is expected from the
free surface to the bottom of the column.
Concerning the bubble vertical velocity, ub, an increase in air
superﬁcial velocity leads to an increase in bubble vertical velocity,
as expected (Fig. 17a). However, the increase in velocity is limited
in the homogeneous regime, with the exception of UG¼0.0187 m/
s. This result may support that the ﬂow regime transition begins
near this point: above the transition velocity, the bubble coales-
cence increases the average rise velocity and reduces gas residence
time in the column, hence decreasing the gas holdup versus gas
velocity slope (Fig. 3). In counter-current-mode, the local void
fraction increases (Fig. 16b), which is explained by the effect of the
liquid ﬂow, slowing down the rise of the bubbles (Fig. 17b).Focus on the transition point
nts: global and local swarm velocities.
Relation between ub and UG Relation between ub and εG,Local
Fig. 15. Midpoint optical probe measurements: bubble rise velocity.
Influence of U
Influence of U
Fig. 16. Radial optical probe measurements: local void fraction.
Influence of U
Influence of U
Fig. 17. Radial optical probe measurements: bubble rise velocity.
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tion of the superﬁcial gas velocity (Fig. 18a) and superﬁcial water
velocity (Fig. 18b). Eq. (14) was used along with a mean aspect ratio of
0.6. Considering Fig. 18a, the bubble mean diameter is almost constant
in the cross section of the pipes, and there are no remarkable differ-
ences between the cases UG¼0.0037 and UG¼0.0074m/s, both below
the ﬂow regime transition. However, at UG¼0.187 m/s, when the ﬂowregime transition occurs, the bubble mean diameter increases as a
consequence of the larger bubbles. Considering the counter-current
operating condition (Fig. 18b), for the same gas velocity, the mean
diameter decreases. This result is particularly interesting and may be
related to the enhanced breakup due to the higher turbulence in the
pipe. However, no quantitative data are available to support this
hypothesis and will be a matter for future studies.
Influence of U
Influence of U
Fig. 18. Radial optical probe measurements: bubble mean diameter.
Table 5
Comparison between local and global holdup values.
UG [m/s] UL [m/s] oεG4 [%] εG [%] Relative errora [%]
0.0037 0 0.0129 0.0140 7.77
0.0074 0 0.0246 0.0284 13.29
0.0187b 0 0.0584 0.0703 16.84
0.0265 0 0.0742 0.0891 16.74
0.0347 0 0.0922 0.1069 13.71
0.0614 0 0.1295 0.1487 12.91
0.1006 0 0.1718 0.1918 10.44
0.1558 0 0.2368 0.2341 1.15
0.0074 0.080 0.0341 0.0423 19.20
0.0347 0.080 0.0628 0.1335 52.96
0.1011 0.080 0.1211 0.1963 38.32
a Computed using: 100 ∙εG  o εG4εG .
b Flow regime transition.
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In this paper, a counter-current gas–liquid large-diameter bubble
column is experimentally studied in the annular gap (AG) and open
tube (OT) conﬁgurations. The experimental facility is a columnwith an
inner diameter of 0.24m, and the hydrodynamic properties are stu-
died using gas holdup measurements and double-ﬁber optical probes.The bed expansion technique was used to obtain gas holdup
measurements. In both the AG and OT conﬁgurations, the gas
holdup increases linearly as a function of the gas ﬂow rate in the
homogeneous regime, followed by a change in slope due to ﬂow
regime transition. Moreover, the holdup in the homogeneous
regime increases with water ﬂow rate in the counter-current
operating condition. In the transition/heterogeneous regime, the
water superﬁcial velocity has no inﬂuence on the holdup in the AG
conﬁguration. The counter-current mode was found to destabilize
the homogeneous regime: the transitional velocity decreases with
increasing liquid velocity. In addition, the OT conﬁguration is
characterized by lower transitional velocities compared to the AG
conﬁguration. The holdup curves in the AG and OT conﬁgurations
are similar in shape and values, suggesting that the presence of
internals has a limited inﬂuence on the global column hydro-
dynamic. The presence of the internals stabilize the homogeneous
ﬂow regime in terms of transition gas velocity and transition
holdup value. Finally, the holdup measurements were compared
with existing data and correlations from the literatures, and a new
correlation was developed using non-dimensional analysis.
A double-ﬁber optical probe was used to acquire midpoint data
and radial proﬁles of the local ﬂow characteristics to relate the
global hydrodynamics of the system to the local ﬂow properties.
The local void fraction proﬁles are center peaked also in the
homogeneous regime. Increased gas ﬂow rates resulted in greater
proﬁle curvature from the column wall to the center, particularly
after the ﬂow regime transition. The counter-current operating
condition is found to increase the holdup and to decrease the
bubble velocity. The ﬂow regime transition has also been observed
in the local measurements comparing the holdup to the local void
fraction, analyzing the local swarm velocity, the bubble rise velo-
city and the Sauter mean diameter.
In conclusion, this paper contributes to the existing discussion
on the inﬂuence of the internals on bubble column hydro-
dynamics. The experimental results are of practical interest in the
design of bubble columns and are particularly useful for models
validation. For example, the dataset may be used for developing a
drift-ﬂux model of the bubble column or to validate Computa-
tional Fluid Dynamics models.Nomenclature
Acronyms
AG Annular Gap bubble column
OT Open Tube bubble column
Symbols
A*, B* Parameters in the Reilly correlation [dimensionless]
dholes Gas sparger holes diameter [mm]
dc Diameter of the column [m]
db Sauter mean diameter from the optical probe [mm]
db,CorrectedSauter mean diameter from the optical probe applying
the aspect ratio correction [mm]
D*H Non-dimensional diameter [dimensionless]
D*H,Cr Critical non-dimensional diameter [dimensionless]
f Bubble frequency [dimensionless]
n,k1
*,k1,k2,k3 Parameters in the holdup correlation
[dimensionless]
hprobe Height of the probe from the bottom of the column [m]
Hc Height of the column [m]
HD Heights of the free-surface after aeration [m]
H0 Heights of the free-surface before aeration [m]
G. Besagni, F. Inzoli / Chemical Engineering Science 145 (2016) 162–180178J Drift ﬂux [m/s]
g Gravity acceleration [m/s2]
Q Volumetric ﬂow rate [m3/s]
Rc Radius of the column [m]
S Parameter in the swarm velocity method [dimensionless]
ub Bubble rise velocity [m/s]
u1 Terminal bubble velocity [m/s]
Ub Parameter in the drift ﬂux methods [m/s]
U Superﬁcial velocity [m/s]
v Local phase phase velocity
μ Dynamic viscosity [Pa s]
σ Surface tension [N/m]
φ Aspect ratio [dimensionless]
εG Gas Holdup [dimensionless]
εG,Local Local void fraction [dimensionless]
oεG4 Integrated gas holdup [dimensionless]




T, E Subscripts in the drift ﬂux formulation
trans Transition point
swarm Swarm velocityAppendix A. Notes on the Wallis method
Herein, the detailed derivation of the Wallis method for the
identiﬁcation of ﬂow regime transition is proposed. This methods
was ﬁrstly derived in by Wallis (1969) in the early 1955 and, despite
it is widely used in the literature, often there is confusion in its
deﬁnition. The goal of this section is to brieﬂy show the derivation
of the method, which may be helpful for other researchers.
At ﬁrst, we start considering the two-phase from a local point
of view. We deﬁne the volumetric ﬂux. The ﬂux is a vector quantity,
but, in the following, it will be used to represent the scalar com-
ponent in the direction of the motion along the pipe. The ﬂux is
related to the local holdup and to the local phase velocity as fol-
lows:
JL ¼ 1εGð ÞvLjLocal ðA:1Þ
JG ¼ εGvGjLocal ðA:2Þ
The total local ﬂux is, then:
J ¼ JLþ JG ðA:3Þ

















ðA:7ÞConsidering a one-dimensional approach, the variables are
cross sectional averaged. It follows:


















The relative velocity between the phases, vGL, is:
vG L ¼ ðvGvLÞ ¼ vLG ðA:12Þ
Drift velocities are deﬁned as the difference between the phases
velocities and the average as follows:
vG4 J ¼ vG  J ðA:13Þ
vL4 J ¼ vL  J ðA:14Þ
The drift ﬂux, represents the volumetric ﬂux of one phase
relative to a surface moving at the average velocity. For the gas and
liquid phase it reads:
JG4 L ¼ εG vG Jð Þ ðA:15Þ
JL4G ¼ 1εGð Þ vL Jð Þ ðA:16Þ
Substituting Eq. (A.3) into Eq. (A.15) and using Eq. (A.2) (con-
sidering Eq. (A.8) and Eq. (A.9)), it follows, for the gas phase:
JG4 L ¼ UGεG ULUGð Þ ¼ UG 1εGð ÞULεG ðA:17Þ
Similarly, for the liquid phase:
JG4 L ¼ ULεGUG 1εGð Þ ðA:18Þ
Therefore:
JG4 L ¼  JL4G ¼ JT ðA:19Þ
Substituting for UG and UL in Eq. (A.18) by using Eqs. (A.10) and
(A.11), we obtain a relation between the drift ﬂux and the relative
phase velocity:
JG4 L ¼ JT ¼ εG 1εGð ÞðvLvGÞ ¼ εG 1εGð ÞvLG ðA:20ÞAppendix B. Holdup correlations
In this appendix we provide the details for the correlations









○ Column design. dc¼0.025–1.067-m, UG¼0.004–0.45 m/s;
○ Phases. Air–Water, Air–Na2CO3 aq. soln, Air–Kerosene, Air–
Light oil, Air–Glycerol, Air–ZnCl2 aq. Soln.;
○ Properties. ρL¼780–1700 kg/m3, μL¼0.0009–0.152 Pa s,
σ¼0.025–0.076 N/m.





○ Column design. UG¼0.1–0.3 m/s, Hc/dc¼312;
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where c1¼0.20 for non-electrolyte systems and c1¼0.25 for
electrolyte solution, which causes a slightly larger gas holdup
due to the inﬂuence of electrolyte concentration on bubble
column. The reader may refer, for example, to the discussion of
Besagni and Inzoli (2015)
○ Column design. dc¼0.152–0.60 m, UG¼0.003–0.40 m/s,
Hc¼1.26–3.5 m;
○ Phases. Air–Water, Air–Glycol aq. soln., Air–Methanol, Air–
CCl4,Air–Na2SO3 aq. soln., Air–NaCl aq. soln., O2–Water, He–
Water, CO2–Water;
○ Properties. ρL¼8001600 kg/m3, μL¼0.000580.0211 Pa s,
σ¼0.0220.0742 N/m,










○ Column design. dc¼0.10–0.19 m, UG¼0.0043–0.338 m/s,
Hc¼1.5–2.4 m;
○ Phases. Air–Water, Air–Methanol aq. soln., Air–Cane Sugar;
○ Properties. ρL¼911–1233 kg/m3, μL¼0.001–0.0192 Pa s,
σ¼0.0382–0.0755 N/m.




















○ Column design. dc¼ 0.073 m, UG¼0.005460.074 m/s,
Hc¼0.95 m;
○ Phases. Air–Water, Water–N2, Water–He, Water–CO2,
Methanol–N2, NaNO3–N2, NaNO3-He, LiCl–KCl–N2,LiCl–KCl–
He;
○ Properties. ρL¼788–1880 kg/m3, μL¼0.00045–0.00365 Pa s,
σ¼0.0215–0.130 N/m.
 Reilly et al. (1986):
εG ¼ 296UU0:44G ρ0:98L σ0:16ρ0:19G þ0:009 ðB:6Þ
○ Column design. dc¼0.30 m, UG¼0.00673–0.097 m/s (air–
water), Hc¼0.50 m;
○ Phases. Air–water, Air–Varsol, Air–trichloroethylene;
○ Properties. ρL¼788–1450 kg/m3, μL¼0.000552–0.0014
52 Pa s, σ¼0.0283–0.0720 N/m.






where n depends on the liquid phase
○ Column design. dc¼0.23 m UG¼0.008120.0565 m/s (air–
water), Hc¼1.22 m;
○ Phases. Air–water, Air–glycerine, Air–dextrose aq. soln, Air-
three fermentation media (glucoseþmineral salt, molas-
sesþmineral salt, Alpha-ﬂocþmineral salt);
○ Properties. ρL¼991–1009 kg/m3.References
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